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In recent experiments, superconductivity and correlated insulating states were observed in twisted
bilayer graphene (TBG) with small magic angles, which highlights the importance of the flat bands
near Fermi energy. However, the moire´ pattern of TBG consists of more than ten thousand car-
bon atoms that is not easy to handle with conventional methods. By density functional theory
calculations, we obtain the flat band with bandwidth of about 2 meV near Fermi energy in a novel
carbon monolayer (coined as cyclicgraphyne) with unit cell of only twelve atoms. By studying
several carbon single layers, we find that a perfect flat band may occur in the lattices with both
separated or corner-connected triangular motifs and nearest-neighboring hopping of electrons, and
the dispersion of flat band can be tuned by next nearest-neighboring hoppings. If the flat band is
bended by applying a few uniaxial lattice strain in cyclicgraphyne, the electrical conductivity would
be enhanced by one or two orders of magnitude, giving rise to a giant piezoconductivity. Our results
also shed insightful light on the formation of flat band in TBG, which we believe may be attributed
to a valley kagome lattice hidden in moire´ pattern. The present study poses a simple new carbon
monolayer and gives an alternative reasoning to the occurrence of flat bands in two-dimensional
carbon materials.
Introduction—A twisted bilayer graphene (TBG) with
small angles was predicted to have moire´ pattern with
a very large unit cell of more than ten thousand car-
bon atoms. At the magic angles, the two layers be-
come strongly coupled, and a flat band appears [1]. A
tight-binding model [2] and a continuum model of TBG
[3] were thus studied, and the confined states were also
proposed in TBG [4]. Recently, the superconductivity
and correlated insulating states at half-filling were ob-
served in TBG, which highlight the importance of the
flat bands near Fermi energy [5, 6]. The strong coupling
phases in TBG (e.g. [7]) were explored. It was shown
that the degeneracy of the low-energy flat bands can be
lifted by the electric fields [8]. The topological proper-
ties of electronic band structure [9, 10], ferromagnetic
Mott state [11] and metal-insulator transition [12, 13],
extended Hubbard model, nematic superconductivity by
density wave fluctuations [14–16] in TBG were addressed.
The study of TBG inspired extensive studies in other
twisted bilayer materials. Moire´ excitons, moire´ trapped
valley excitons, and resonantly hybridized excitons in
van der Waals heterostructures were observed in exper-
iments [17–20]. Van der Waals crystals with discretized
Eshelby twist in two-dimensional (2D) materials [21], and
van der Waals contacts between three-dimensional met-
als and 2D semiconductors [22] were investigated. Chiral
twisted van der Waals nanowires [23], and helical van der
Waals crystals [24] were also studied.
Is it possible to obtain the flat band in a 2D car-
bon with a simple unit cell? In this paper, by means
of the first-principles calculations, we predict the flat
band could appear in a carbon monolayer with unit cell
of twelve atoms, and such a carbon monolayer is coined
cyclicgraphyne. We uncover that there is a flat band
close to Fermi energy with bandwidth of about 2 meV in
cyclicgraphyne. After carefully studying the structural
stabilities, we find that cyclicgraphyne may be feasible
in experiment. By inspecting several carbon single lay-
ers, we notice that a perfect flat band can occur in the
lattices with both separated or corner-connected triangu-
lar motifs and nearest-neighboring hopping of electrons,
and the dispersion of flat band can be tuned by next
nearest-neighboring hoppings. By applying a uniaxial
strain to cyclicgraphyne, the bandwidth of flat band be-
comes larger, and the resulting electrical conductivity can
be enhanced by one or two orders of magnitude, leading
to a giant piezoconductivity. The flat bands in other 2D
materials are discussed as well. Our results also shed
light on the formation reasoning of flat band in TBG,
which we believe may be attributed to a valley kagome
lattice hidden in moire´ pattern. The present study might
provide a simple 2D platform of carbon atoms to probe
the flat bands in 2D systems.
Computational Method—Our first-principles calcula-
tions were based on the density-functional theory (DFT)
as implemented in the Vienna ab initio simulation
package (VASP) [25], using the projector augmented
wave method [26]. The generalized gradient approx-
imation with Perdew-Burke-Ernzerhof [27] realization
was adopted for the exchange-correlation functional.
The plane-wave cutoff energy was set to 550 eV. The
Monkhorst-Pack k-point mesh [28] of size 11×11×1 was
used for the BZ sampling. The structure relaxation con-
sidering both the atomic positions and lattice vectors was
performed by the conjugate gradient (CG) scheme until
the maximum force on each atom was less than 0.0001
eV/A˚, and the total energy was converged to 10−8 eV
with Gaussian smearing method. To avoid unnecessary
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FIG. 1. (a) The crystal structure of cyclicgraphyne, with unit
cell of twelve carbon atoms. (b) The band structure near the
Fermi energy EF . Below 145 meV from EF , a flat band in the
whole momentum space with bandwidth of about 2 meV is
observed based on DFT calculations, which looks very similar
to the flat band observed in twisted bilayer graphene.
interactions between the monolayer and its periodic im-
ages, the vacuum layer is set to 15 A˚. The surface spec-
trum was calculated by using the Wannier functions and
the iterative Green’s function method [29–32].
Structure and Stability—Cyclicgraphyne can be made
by inserting an acetylene linkage between two neighbor-
ing carbon triangles [33], as shown in Fig. 1 (a). The crys-
tal structure has the space group P6/mmm (No.191).
Our calculations show that the equilibrium lattice con-
stant of cyclicgraphyne is a0 = 9.6452A˚ [Fig. 2 (a)]. To
unveil the stability of cyclicgraphyne, the phonon spectra
were calculated by DFT, as shown in Fig. 2 (b). It can
be seen that there is no negative frequency phonon in
the whole Brillouin zone, indicating that cyclicgraphyne
is kinetically stable. To further examine the thermal sta-
bility, we performed molecular dynamics simulations by
considering a 3 × 3 × 1 supercell of cyclicgraphyne with
108 carbon atoms. As displayed in Fig. 2 (c), after be-
ing heated at 500 K, 700 K, and 1000 K for 6 ps with
a time step of 3 fs, no structural changes occur, indicat-
ing that cyclicgraphyne is also dynamically stable. As
shown in Fig. 2 (d), we present the free energy of cyclicg-
raphyne, compared with three experimentally available
carbon allotropes: T-carbon, graphene, and graphdiyne.
The results suggest that cyclicgraphyne may be feasible
for experimental synthesis.
Flat Band in Cyclicgraphyne— The electron charge
density of cyclicgraphyne is illustrated in Fig. 3 (a). It is
instructive to note that the peak of total electron charge
density occurs at acetylene linkages, while the valley part
appears at triangles. The band structure near Fermi en-
ergy EF is shown in Fig. 3(b). About 145 meV below
EF , a nearly flat band is observed. The flat band is
found mainly from pz electrons, as demonstrated in par-
tial density of state (PDOS) in Fig. 3(b). If we fix the
energy near 145 meV below EF , the obtained electron
charge density of the flat band is shown in Fig. 3(c).
It has a characteristic of pz orbitals, and is uniformly
distributed on carbon atoms in cyclicgraphyne. By com-
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FIG. 2. For cyclicgraphyne, (a) the total energy per carbon
atom as a function of lattice constant, and (b) the phonon
spectrum and the corresponding density of states (DOS). The
results are obtained by the DFT calculations. For a supercell
of cyclicgraphyne containing 108 atoms, (c) fluctuation of to-
tal energy per carbon atom as a function of time. The results
are obtained by the molecular dynamics simulations at 1000
K (red line), 700 K (green line), and 500 K (blue line). (d)
The free energies of cyclicgraphyne, T-carbon, graphene and
graphdiyne for a comparison.
paring Figs. 3(a) and (c), we know that the flat band
should mainly come from the valley part of total elec-
tron charge density, because the flat band has a very uni-
formly distributed electron charge density in real space.
To understand the origin of the flat band near EF , we
construct a tight-binding (TB) model based on the pz
orbitals of cyclicgraphyne. By using maximally-localized
Wannier functions [34], we find that the next-nearest-
neighboring (NNN) hopping in cyclicgraphyne is much
smaller than the nearest-neighboring (NN) hopping, and
the TB model with pz orbitals fits well with the flat
band (see Supplemental Material). Thus, we can con-
clude that the flat band near the Fermi level of cyclicg-
raphyne mainly comes from the pz orbitals.
In order to better understand the origin of flat band
contributed from pz orbitals in cyclicgraphyne, we con-
sider a 2D kagome lattice with carbon atoms as shown in
Fig. 4(a) for a comparison, where the triangles in kagome
lattice are corner-connected. The band structure of the
2D kagome lattice with carbon atoms is obtained by DFT
calculations as shown in Fig. 4(b), where no flat band is
observed for pz orbitals. By using maximally-localized
Wannier functions [34], we obtain a TB model for pz or-
bitals including the NN hopping and NNN hopping for
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FIG. 3. For cyclicgraphyne, (a) total electron charge den-
sity, (b) the band structure near Fermi energy EF , and the
corresponding partial density of states (PDOS). If we fix the
energy near 145 meV below EF , the obtained (c) top and side
views of the electron charge density of the flat band.
the 2D kagome lattice
H = 2t1
 0 cos~k · ~a1 cos~k · ~a2cos~k · ~a1 0 cos~k · ~a3
cos~k · ~a2 cos~k · ~a3 0
+
2t2
 0 cos~k · (~a2 + ~a3) cos~k · (~a1 − ~a3)cos~k · (~a1 + ~a2) 0 cos~k · (~a1 + ~a2)
cos~k · (~a1 − ~a3) cos~k · (~a1 + ~a2) 0
 ,
(1)
where ~a1 = (1, 0), ~a2 = (1/2,
√
3/2), ~a3 = (−1/2,
√
3/2),
t1 and t2 represent the NN and NNN hopping integrals,
respectively. The NN and NNN hopping parameters
t1 = −1.99 and t2 = −0.28 were obtained. The TB
bands are shown in Fig. 4(c), which match well with the
DFT bands in Fig. 4(b). When the NNN hopping is zero,
a perfect flat band occurs with kagome lattice as shown
in Fig. 4(d), which is consistent with the previous stud-
ies [35–39].
By comparing the results of cyclicgraphyne in Fig. 3
and those of kagome lattice in Fig. 4 , and studying sev-
eral materials with triangular and hexagonal structures,
we can conclude that a perfect flat band can occur in the
lattices with both separated or corner-connected triangu-
lar structures with only NN hopping, and the flat band
can be tuned out by the NNN hopping.
It is noted that there are also flat bands in phonon
spectra of cyclicgraphyne as shown in Fig. 2(b). The
phonon flat bands have the same origin as the electronic
flat band, i.e., the existence of triangle structures and
NN hopping in geometrical structures. The detailed in-
formation is included in Supplemental Material.
Doubly-Degenerate Point—It is interesting to note that
there exist doubly-degenerate point located at Γ and K
points. We find that the two crossing bands at Γ point
are a quadratic-type band and a flat band in all three
directions, as shown in Fig. 3 (b), while the two crossing
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FIG. 4. (a) The crystal structure of kagome lattice with car-
bon atoms, as well as the primitive cell in the purple box.
(b) The band structure of the kagome lattice. (c) The tight-
binding bands based on three pz orbitals in the primitive cell
of the kagome lattice with hopping parameters t1 = −1.99
and t2 = −0.28. (d) The tight-binding bands with hopping
parameters t1 = −1.99 and t2 = 0.
bands at K points are of linear-type, i.e. Dirac fermions.
To better understand the nature of quadratic dispersion
as well as the low-energy quasiparticles, we construct k ·p
models for cyclicgraphyne at Γ and K points, respec-
tively.
It is found that the symmetry at K(K ′) point is of D3h,
and the irreducible representation of the crossing point
at K(K ′) point is E′′. Using the two states as basis,
one can construct the effective Hamiltonian constrained
by the following symmetries: the three-fold rotation C3z,
the two-fold rotation C2x, and the mirror symmetry Mz.
Then, up to a linear order, we obtain the 2× 2 effective
Hamiltonian
H(q) = c+ d(qxσx − qyσz), (2)
where q is measured from K. It is clear that the energy
bands near K points are of linear-type.
The symmetry at Γ point is of D6h, and we find that
the two degenerate states at Γ point correspond to the
2D irreducible representation E1g. Using the two states
as basis, one can construct the effective Hamiltonian con-
strained by the following symmetries: the six-fold rota-
tion C6z, the two-fold rotation C2x, the inversion P, and
the time reversal T . Here, the space-time inversion PT
symmetry can be represented as PT = K, with K the
complex conjugation operator, which ensures that H(k)
is real. Then, up to a quadratic order, we obtain the 2×2
effective Hamiltonian
H(k) = ε0σ0 − 2bkxkyσx + b(k2x − k2y)σz, (3)
where k is measured from Γ, ε0 = a0 + a1(k
2
x + k
2
y), and
σx,z are Pauli matrices. The band dispersion at Γ point
4reads E = a0 + (a1 ± b)(k2x + k2y). By fitting the DFT
results [Fig. 3 (b)], the coefficients a0 = −0.1458 and
a1 = b = 792 are obtained. So, the crossing bands at Γ
point is made from a quadratic band and a flat band.
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FIG. 5. For cyclicgraphyne without strain and with 5% and
10% tensile strains, (a) band structure near Fermi energy EF ,
and (b) electronic conductivity as a function of energy near
EF , where τ is relaxation time. Inset of (a) shows the Bril-
louin zone for the case with a tensile strain. Two Dirac points
connected by inversion symmetry are noted by red dots. Re-
sults are obtained by the DFT calculations.
Giant Piezoconductivity by Flat Band in
Cyclicgraphyne— By applying a few uniaxial lat-
tice strain to cyclicgraphyne, the flat band becomes
more dispersive, and the bandwidth increases, as shown
in Fig. 5 (a). When the flat band becomes dispersive,
the electrons become delocalized, and an enhanced
electronic conductivity is expected. As shown in Fig. 5
(b), for cyclicgraphyne with 5% tensile strain, the
longitudinal electrical conductivity σxx is about 28 times
larger than that without strain. For cyclicgraphyne
with 10% tensile strain, σxx is 106 times larger than
that without strain at about 200 meV below the Fermi
level. Thus, the giant piezoconductivity can be obtained
by a few percent strain, which is clearly owing to the
appearance of the flat band.
Flat Band and Valley Kagome Lattice in TBG— For
TBG with small magic angles, the unit cell can be con-
structed from moire´ pattern, which may be regarded as
a huge triangular lattice [5], as depicted in Fig. 6, where
the lattice points are comprised of the peaks of local den-
sity of states (LDOS) of TBG. However, if we look at the
valleys of LDOS, i.e., the center points of every neigh-
boring AA points, we find that a kagome lattice is hid-
den in TBG as shown in Fig. 6. The similarity between
kagome lattice and hexagonal lattice was previously dis-
cussed [35, 36]. It is known that the kagome lattice with
only NN hopping can induce the flat band [35, 36], as
what we also addressed before. This observation is also
consistent with the flat band of cyclicgraphyne shown in
Fig. 3, where the flat band mainly comes from the valley
part of electron charge density.
There is a recent study also showing that a kagome
structure exists in TBG, and a tight-binding model in-
cluding both triangular and kagome lattices was pro-
posed [10]. In accordance with our present study, we
believe that the flat band in TBG may be just attributed
to the hidden kagome lattice in moire´ pattern.
AA
AA
AA
AA
AA
AA
AAAA AA
AA AA
FIG. 6. For TBG, the unit cell can be regarded as a huge
triangular lattice, where the lattice points AA are comprised
of the peaks of local density of states (LDOS) of TBG [5]. By
considering the valleys of LDOS [5], i.e., the center points of
every neighboring AA points, one may observe that a kagome
lattice is hidden in the TBG, as depicted by red lines.
Conclusions— In summary, by density functional the-
ory calculations, we propose a carbon monolayer with
unit cell of twelve atoms, coined cyclicgraphyne. The flat
band is observed near the Fermi level in this 2D carbon
allotrope. By exploring different 2D lattices, we argue
that a perfect flat band could appear in the lattices with
both separated or corner-connected triangular structures
and only NN hopping, while the flat band can be tuned
out by NNN hoppings. When the flat band is bended by
applying a few uniaxial lattice strain to cyclicgraphyne,
the electrical conductivity is enhanced by one or two or-
ders of magnitude, and the giant piezoconductivity is ob-
tained. Owing to the resemblance of the electronic struc-
tures between cyclicgraphyne and TBG, our results may
also shed useful light on the formation reasoning of the
flat band in TBG. We believe that the flat band in TBG
may be attributed to a valley kagome lattice hidden in
moire pattern. This present study poses a simple car-
bon monolayer and gives an alternative reasoning to the
formation of the flat bands in 2D carbon materials.
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